INTRODUCTION
It is possible that the majority of Earth's H 2 O budget is present as hydroxyl (OH) structurally incorporated into the major nominally anhydrous minerals (NAMs) of the mantle (e.g., Martin and Donnay 1972) . Ringwood (1966) thought as much as fi ve times the surface H 2 O-mass could be present in the mantle, amounting to ~0.2 wt% H 2 O if distributed throughout the entire mantle (Harris and Middlemost 1969) . We know now the (Mg,Fe) 2 SiO 4 polymorphs of the upper mantle and transition zone can incorporate up to several weight percent of water in their structures (e.g., Smyth 1987; Inoue et al. 1995; Kohlstedt et al. 1996; Bolfan-Casanvoa et al. 2000; Mosenfelder et al. 2006) . The possibility of a deep-Earth water cycle leads naturally to the question, is "water" in the mantle, whether regional or globally distributed, detectible seismically?
In order to address this question, it is necessary to know, quantitatively, the effects of water (or more precisely structurally bound hydroxyl) on the elastic moduli of mantle minerals. Also required are pressure and temperature derivatives of the elastic moduli for more direct comparison with seismological observation. This chapter will review what is known about the elastic properties of "hydroxylated" NAMs from experimental studies. From a crystal chemical perspective, hydrated NAMs are defect structures because hydrogen is usually incorporated through charge balance by cation vacancies. Therefore, small variations in water content can have a dramatic effect on thermoelastic parameters, more so than any other major geochemical substitution such as iron or aluminum. For example, at one atmosphere the addition of ~1 wt% H 2 O into ringwoodite has a similar effect on the shear modulus as raising the temperature by 800-1000 °C (Wang et al. 2003a; Jacobsen et al. 2004 ). However, due to elevated pressure derivatives, the difference between anhydrous and hydrous velocities diminishes at higher pressures. In this chapter, elasticity-water systematics will be evaluated in order to make some predictions about the elastic properties of major phases for which shear velocities are not yet available.
Seismologists require accurate thermoelastic parameters of hydrated NAMs in order to evaluate velocity anomalies in potentially hydrous regions of the mantle. However, many of the thermoelastic properties of hydrated NAMs have not yet been measured. For example, pressure derivatives of the bulk and shear moduli are needed to estimate both compressional and shear wave velocities (v P and v S ) at high pressure, but are currently available only for hydrous ringwoodite (Wang et al. 2003b; Jacobsen and Smyth 2006) . Furthermore, the effects of OH on temperature derivatives of the elastic moduli are unknown for any of the major NAMs. Thus, in order to obtain a broader picture of the effects of water on elastic properties, some stoichiometrically hydrous phase will also be considered, such as humites and selected dense-hydrous magnesium silicates (DHMS). Finally, using a model set of thermoelastic parameters, monomineralic velocities are calculated for hydrous (Mg,Fe) 2 SiO 4 polymorphs along a mantle adiabat for simple comparison with global seismic velocity models.
The chapter is divided into sections based on mineral groups stable within the upper mantle and transition zone. The DHMS are treated separately. There are no elasticity data for OH-bearing silicate perovskite or magnesiowüstite in the lower mantle. Within each section the reader will fi nd different types of equation of state data. Pressure-volume (P-V) studies with X-ray or neutron diffraction techniques are static in nature, providing variation of density (and sometimes crystal structure) with pressure, ρ(P). P-V data are usually fi t to a third-order Birch-Murnaghan equation of state (e.g., Angel et al. 2000) , parameterized in terms of initial volume (V 0 ), isothermal bulk modulus, K T = −V(dP/dV) T , and fi rst pressure derivative K′ = dK T /dP. With a third-order truncation, the second derivative of K T is implied, but probably plays an important role in the variation of density of hydrated NAMs with pressure due to the initial high compressibility of cation vacancies. It is possible that hydrated NAMs become as dense, or even denser than their anhydrous end members due to elevated pressure derivatives, which may also be the case for hydrous melts (Agee 2005; Matsukage et al. 2005; Sakamaki et al. 2006) . Volume-temperature studies with X-rays or neutrons provide coeffi cients of thermal expansion, such as the volume thermal expansivity,
(dV/dT) P , needed to calculate mineral density at high temperature. One problem facing thermal expansion studies of hydrated mantle NAMs is the relatively low temperature (~500 °C) that these phases dehydrate or decompose when not under confi ning pressure (Inoue et al. 2004 ). To date, data for OHbearing NAMs is restricted to P-V or V-T studies, which means the temperature derivatives of hydrated NAMs at high pressure are not known.
Dynamic studies of mineral elastic properties are effectively one derivative ahead of static compression. These include Brillouin spectroscopy, resonant ultrasound spectroscopy, and ultrasonic interferometry (and various adaptations of each technique). With these methods, elastic moduli are obtained from measured sound velocities, resonance frequencies, or elastic wave travel times, and at ambient pressure both the adiabatic bulk modulus, K S = −V(dP/dV) S , and shear modulus (G, sometimes written µ) are obtained. The compressional (P) and shear (S) velocities and moduli are related through the equations:
High-pressure Brillouin or ultrasonic studies determine K S and G at each pressure, so pressure derivatives of the moduli (K S ′ and G′) are usually very accurate in comparison with static compression studies where K T ′ is a second-order fi tting parameter. Similarly, resonance techniques at elevated temperature determine the moduli at each temperature, resulting in very accurate temperature derivatives.
ELASTIC PROPERTIES OF NOMINALLY ANHYDROUS MINERALS IN THE UPPER MANTLE Olivine
Olivine, α-(Mg,Fe) 2 SiO 4 , is the most abundant mineral in the upper mantle. An understanding of the effects of water on the elastic properties of olivine is therefore of primary importance. Natural olivines from mantle xenoliths exhibit a wide range of water contents from <1 to several hundred ppm wt. H 2 O (e.g., Miller et al. 1987; Kitamura et al. 1987; Bell and Rossman 1992; Rossman 1996) . More recent studies of synthetic olivine samples demonstrate that water concentrations in olivine can reach 0.6-0.8 wt% H 2 O at conditions of 12-14 GPa and 1200 °C (Chen et al. 2002; Smyth et al. 2005a; Mosenfelder et al. 2006) . It is possible the relatively low water content observed in natural olivine is due to water loss during ascent (Ingrin and Skogby 2000; Demouchy et al. 2006 ), but given the potential for there to be thousands of ppm wt. H 2 O in mantle olivine, elastic properties measurements are highly warranted.
Relatively little is known about the effects of water on the elastic properties of olivine. The bulk modulus of single-crystal Fo 95 -olivine containing 0.8 wt% H 2 O was measured by X-ray diffraction (static compression) to 8 GPa (Smyth et al. 2005a) , showing K T0 = 120(2) GPa, with K′ = 7.0(6). For comparison, the bulk modulus of anhydrous olivine is 127-130 GPa with K′ = 4-4.5 (Table 1) . Thus, the addition of ~1 wt% H 2 O reduces K by about 6% and elevates K′. As will be shown through additional examples in this chapter, reduced K and elevated K′ is a common feature of water-bearing NAMs in minerals. The shear modulus of hydrous olivine has not been measured, so the effect of water on compressional and shear-wave velocities remains uncertain, but it is hopeful that future Brillouin or ultrasonic studies will resolve this outstanding issue.
Humite-group minerals along the forsterite-brucite join
In order to gain a broader view on the effect of water on olivine, it is necessary to consider stoichiometrically hydrous minerals occurring along the olivine-brucite join of the MgOSiO 2 -H 2 O ternary. The hydroxyl and Mg-end member humite group minerals are expressed as n[Mg 2 SiO 4 ]•Mg(OH 2 ), where n = 1, 2, 3, 4 for norbergite, chondrodite, humite, and clinohumite, respectively, and pure Mg(OH) 2 is the mineral brucite. Phase A, the only DHMS to occur along the forsterite-brucite join, will be discussed separately in the section on DHMS. Pure hydroxylclinohumite Mg 9 Si 4 O 16 (OH) 2 contains 2.9 wt% H 2 O and has a bulk modulus of about 120(1) GPa with K′ = 4.8(2), measured by static compression (Ross and Crichton 2001) . A natural Fe and Fluorine-bearing clinohumite from Mount Somma, Vesuvius, Italy, was studied by Brillouin spectroscopy and has a bulk modulus of 125(2) GPa, and shear modulus of 73(5) GPa (Fritzel and Bass 1997) . End-member hydroxylchondrodite, Mg 5 Si 2 O 8 (OH) 2 , contains 5.3 wt% H 2 O and has a bulk modulus of 116(1) GPa with K′ = 4.9(2) by static compression (Ross and Crichton 2001) . A natural Fe-and Fluorine-bearing hydroxylchondrodite from the Tilley Foster Mine, Brewster, NY, was studied by Brillouin spectroscopy and has a bulk modulus of 118(2) GPa and a shear modulus of 75.6(7) GPa (Sinogeikin and Bass 1999) .
The MgO-H 2 O end-member, brucite, has the formula Mg(OH) 2 . A single-crystal X-ray diffraction study of brucite to 15 GPa shows K T0 = 42(2) GPa with K′ = 5.7(5) (Duffy et al. 1995a) . Brucite has also been studied by high-pressure Brillouin spectroscopy to 14 GPa, giving K S0 = 43.8(8) GPa and G 0 = 35.2(3), with pressure derivatives of 6.8(2) and 3.4(1), respectively (Jiang et al. 2006) .
Elastic properties of minerals along the olivine-brucite join are summarized in Table 1 . In agreement with the observation for olivine that K is reduced and K′ is elevated upon hydration (Smyth et al. 2005a ), consideration of phases along the entire olivine-brucite join verifi es that the trend of decreasing K and increasing K′ continues, with brucite having the lowest K and G and highest K′ and G′. Elasticity-water systematics along the olivine-brucite join are plotted in Figures 1 and 2 .
Garnet
Hydrogen enters the garnet structure through the hydrogarnet substitution of H 4 O 4 = SiO 4 (e.g., Lager et al. 2005) , effectively replacing the silicate tetrahedron with a somewhat larger H 4 O 4 tetrahedron. Natural Mg-silicate garnets from the upper mantle below South African show typically 5-10 ppm wt. H 2 O, and occasionally 50-100 ppm (Bell and Rossman 1992) . While the hydrogarnet substitution is documented in Mg-rich garnets in greater amounts, such as pyrope from Kaalvallei, South Africa, with ~200 ppm wt. H 2 O (Rossman 1996) , hydration is more favorable in Ca-rich garnets andradite (Ca 3 Fe 2 Si 3 O 12 ) and grossular (Ca 3 Al 2 Si 3 O 12 ). Natural grossular containing ~1 wt% H 2 O and andradite containing ~6 wt% H 2 O have been reported (Rossman 1996) . The petrologic signifi cance of silicate garnet in the upper mantle warrants examination of the affects of water on the compressibility of garnet.
Grossular-hydrogrossular
The hydrogarnet substitution in grossular is expressed as Ca 3 Al 2 (SiO 4 ) 3−x (H 4 O 4 ) x , where hydrogrosular with 0 < x < 1.5 is called hibschite, and for 1.5 < x ≤ 3.0 the mineralogical name is katoite. The elastic constants of a natural hibschite containing about 11 wt% H 2 O from Crestmore, California, have been determined by Brillouin spectroscopy (O'Neill et al. 1993 ). The single-crystal elastic constants of this hibschite are C 11 = 186.5(11) GPa, C 44 = 63.9(5) GPa, and C 12 = 56.5(14) GPa, with K S0 = 99.8(10) GPa and G 0 = 64.3(5) GPa. In comparison, pure grossular (Bass 1989 ) has C 11 = 321.7(8) GPa, C 44 = 104.6(4) GPa, C 12 = 91.4(9) GPa, K S0 = 168.4(7) GPa and G 0 = 108.9(4) GPa. Thus, in going from grossular to hibschite, the C ij and aggregate moduli are reduced equally by ~40%.
The compressibility of katoite has been studied by powder X-ray (Olijnyk et al. 1991) and powder neutron diffraction (Lager and Von Dreele 1996) , giving K T0 = 66(4) GPa and 52(1) GPa, respectively. Single-crystal X-ray diffraction experiments to 8 GPa show a phase transition from Ia3d to I43d symmetry at ~5 GPa. Below 5 GPa, the bulk modulus of katoite was determined to be 58(1) GPa with K′ = 4.0(7) .
The increased compressibility of hydrogarnets with increasing water is attributed to the positive volume change upon introduction of H 4 O 4 tetrahedron compared with the smaller and more rigid silicate tetrahedron. Although the larger volume of the H 4 O 4 tetrahedron has been used as an argument against H 4 O 4 = SiO 4 as a favorable substitution at high pressure, natural hydrogarnets equilibrated at 180-km depth are known (O'Neill et al. 1993) . Spectroscopic studies of hibschite to 25 GPa indicate the absence of a phase transition or glass transition and thus hydrogarnet is stable throughout the pressure range of the upper mantle (Knittle et al. 1992) . Tetragonal majorite garnets (MgSiO 3 ) synthesized at 17.5 GPa and 1500 °C show water contents of 600-700 ppm wt. H 2 O (Bolfan-Casanova et al. 2000) , although the compressibility of OH-bearing majorite has not been measured. Elastic properties of garnets along the grossular-hydrogrossular join are provided in Table 2 and plotted in Figures 1 and 2.
Pyroxene
After olivine, pyroxene is the next most abundant mineral in the upper mantle, and among NAMs they tend to have the highest OH-concentrations. Natural orthoenstatite (Mg,Fe)SiO 3 of mantle origin commonly contains several hundred ppm wt. H 2 O (Bell and Rossman 1992; Skogby et al. 1990) . From synthesis experiments at 1100 °C, the water content of pure-Mg enstatite was found to increase with pressure from about ~150 ppm at 1 GPa to ~700 ppm at 10 GPa (Rauch and Keppler 2002) . At 1.5 GPa, the water content increases slightly with temperature from ~50 ppm at 700 °C, to ~150 ppm at 1100 °C (Mierdel and Keppler 2004) . At mantle temperatures and above ~7 GPa, both orthoenstatite (Pbca) and low-clinoenstatite (P2 1 /c) adopt the high-clinoenstatite (C2/c) structure (Angel et al. 1992) , and there appear to be some differences in the IR-spectra of enstatites quenched from the high-clino stability fi eld (Bromiley and Bromiley 2006) . Enstatite synthesized at 15 GPa and 1500 °C contains a maximum of about 500 ppm of water (Bolfan-Casanova et al. 2000) . The concentration of water in enstatite also increases with aluminum content (Stalder and Skogby 2002) . Despite extensive works on the incorporation of water into enstatite, no previous studies on the elastic properties of OH-bearing enstatite pyroxenes could be found.
Diopside (CaMgSi 2 O 6 ) and jadeite (NaAlSi 2 O 6 ) form a solid solution referred to as omphacite. Natural omphacites are known to contain up to ~2000 ppm H 2 O (Smyth et al. 1991) . No systematic studies were found on the effects of OH on omphacite compressibility. However, McCormick et al. (1989) measured the compressibility of two omphacites, both having Jd 58 . The bulk modulus of pure diopside, vacancypoor omphacite, and the vacancy-rich omphacite were reported to be 75, 70, and 65 GPa, respectively. Although the samples were not analyzed for water, it is possible the vacancy-rich ompacite from the study of McCormick et al. (1989) contained signifi cant amounts of water added as HAlSi 2 O 6 , which is similar to the Ca-Eskola component, Ca 0.5 0.5 AlSi 2 O 6. The measurable difference in compressibility between low-and high-vacancy omphacites suggests that a compressibility study of OH-bearing pyroxene should be carried out.
ELASTIC PROPERTIES OF NOMINALLY ANHYDROUS MINERALS IN THE TRANSITION ZONE Wadsleyite
The high-pressure polymorphs of olivine, wadsleyite β-(Mg,Fe) 2 SiO 4 and ringwoodite γ-(Mg,Fe) 2 SiO 4 , together have the potential to store more water as hydroxyl in the transition zone alone than is present in the hydrosphere. These phases can store at least several times the maximum amount in nominally anhydrous upper mantle minerals. Smyth (1987) recognized that wadsleyite, which contains Si 2 O 7 sorosilicate groups, has an oxygen site (O1) that is not bonded to Si. This so-called non-silicate oxygen is highly underbonded, with a Pauling bond strength sum about 1/3 hydroxyl and 2/3 oxygen in character. Smyth (1987) predicted that wadsleyite, therefore, should contain variable amounts of water, with 3.3 wt% being the theoretical maximum if every O1 were hydroxyl. Soon after, IR studies of wadsleyite samples from high-pressure studies showed strong absorbance in the IR at ~3300 cm −1 and the presence of structurally bound hydroxyl in wadsleyite was confi rmed (McMillan et al. 1991; Young et al. 1993 ). Inoue et al. (1995) synthesized pure-Mg wadsleyite containing 3.1 wt% H 2 O, measured by secondary-ion mass spectrometry (SIMS), and samples containing up to 2.5 wt% according to both SIMS and IR are routinely reported (e.g., Kohlstedt et al. 1996; Kudoh and Inoue 1999) . Attempts to synthesize nominally anhydrous wadsleyite without any H through careful fi ring and handling of starting materials and the high-pressure assembly resulted in no less than about 50 ppm of H 2 O in pure-Mg wadsleyite (Jacobsen et al. 2005) , so it is conceivable that all wadsleyite samples in elasticity experiments of nominally anhydrous samples contain some amount of water. Although polarized infrared spectra are now available (Jacobsen et al. 2005) , the exact location of hydrogen in wadsleyite remain somewhat uncertain due to positional disorder (Kohn et al. 2002) .
The bulk modulus of nominally anhydrous pure-Mg and Fo 90 wadsleyite is about 170 GPa, with a shear modulus of about 112 GPa for pure-Mg wadsleyite and 107 GPa for Fo 90 wadsleyite (Table 1 ). The bulk modulus of hydrous wadsleyite containing 2.5 wt% H 2 O (SIMS) was measured by X-ray diffraction, resulting in K T0 = 155(2) GPa with K′ fi xed at 4.3 (Yusa and Inoue 1997) . Thus, hydration to 2.5 wt% lowers the bulk modulus of wadsleyite by almost 10%. Also, the density is reduced by about 3% at this level of hydration. An intermediate sample containing ~1 wt% was also measured by static compression and shows K T0 = 162(2) GPa when K′ is fi xed at 4.3, and K T0 = 152 GPa when K′ is allowed to refi ne with K′ = 6(1) . Thus, in wadsleyite the trends are consistent with the reduced K and elevated K′ seen along the olivine-humite join. Wadsleyite elastic properties are given in Table 3 and plotted in Figure 1 .
The volume thermal expansivity (α V ) of pure-Mg hydrous wadsleyite was recently measured at room pressure to its dehydration temperature of ~450 °C, resulting in α V = 30(1) × 10 −6 K −1 (Inoue et al. 2004) , being slightly lower than α V for anhydrous wadsleyite with α V = 34.0(5) × 10 −6 K −1 measured to 700 °C in the same study (Inoue et al. 2004 ), but about the same as the anhydrous value of α V = 29.4(8) × 10 −6 K −1 from the study of Suzuki et al. (1980) to 800 °C. Temperature derivatives of the elastic moduli for hydrous wadsleyite have not been measured.
Wadsleyite-II
Wadsleyite-II, discovered by , is a variably hydrous modifi ed spinel similar in structure to spinelloid IV in the nickel-aluminosilicate system. Wadsleyite-II has the same a and c-axis as wadsleyite, but twice the b-axis unit cell parameter as wadsleyite, and is slightly denser (Table 3) . While the powder X-ray diffraction pattern and IR-spectra of wadsleyite-II are very similar to wadsleyite, there are subtle differences allowing positive identifi cation of wadsleyite-II (Smyth et al. 2005b ). The compressibility of two different wadsleyite-II samples of approximately Fo 90 composition and containing 2.1 and 2.8 wt% H 2 O (SIMS) have been measured by single-crystal X-ray diffraction (Smyth et al. 2005b ). The bulk modulus of the 2.1 wt% H 2 O sample is K T0 = 151(6) GPa with K′ = 6(2), and for the 2.8 wt% H 2 O sample K T0 = 146(3) GPa with K′ = 6.1(7). The available wadsleyite-II data are listed in Table 3 and plotted in Figure 1 .
Ringwoodite
Ringwoodite (γ-Mg 2 SiO 4 ) has the spinel structure and is the stable phase of Mg 2 SiO 4 in the lower part of the transition zone between 520 and 660 km depth. The bulk modulus of nominally anhydrous pure-Mg and Fo 90 ringwoodite is about 185 GPa, and the shear modulus is about 120 GPa (Table 4) . Synthesis experiments show ringwoodite readily contains 1-2.5 wt% of water (Kohlstedt et al. 1996; Bolfan-Casanova et al. 2000; Smyth et al. 2003) . A sample of pure-Mg ringwoodite containing 2.2 wt% H 2 O (SIMS) was studied at ambient pressure by Brillouin spectroscopy, showing K S0 = 155(4) GPa and G 0 = 107(3) GPa (Inoue et al. 1998) , representing a 16% decrease in K and 10% decrease in G upon hydration. Subsequently, a sample of similar composition (2.3 wt% H 2 O) was measured again with Brillouin showing a somewhat higher K S0 = 165.8(5) GPa but similar G 0 = 107.4(3) GPa (Wang et al. 2003a ). Ultrasonic interferometry was used to determine the bulk and shear moduli of Fo 90 hydrous ringwoodite containing ~1 wt% of water, giving K S0 = 176(7) GPa and G 0 = 103(5) GPa ). The compressibility of hydrous ringwoodite has also been measured in several X-ray diffraction studies. A pure-Mg powder sample with 2.8 wt% H 2 O was compressed to 6 GPa showing K T0 = 148(1) GPa with K′ fi xed to 5 (Yusa et al. 2000) . A single-crystal Fo 90 sample containing ~1 wt% H 2 O was compressed to 11 GPa giving K T0 = 169(3) GPa with K′ = 7.9(9) , and a powder sample of similar composition (Fo 90 , ~1 wt% H 2 O) was compressed to 45 GPa resulting in K T0 = 175(3) GPa and K′ = 6.2(6) (Manghnani et al. 2005 ).
The compressional and shear wave velocities of Fo 90 hydrous ringwoodite were recently measured to 9 GPa (Jacobsen and Smyth 2006) . Gigahertz ultrasonic interferometry in the diamond anvil cell was used to determine K S0 = 177(4) GPa, K′ = 5.3(4), G 0 = 103.1(9) GPa and G′ = 2.0(2) for hydrous Fo 90 ringwoodite containing ~1 wt% H 2 O (Jacobsen and Smyth 2006) . For comparison, nominally anhydrous Fo 90 ringwoodite (Sinogeikin et al. 2003) shows K S0 = 188(3) GPa, K′ = 4.1(2), G 0 = 120(2) GPa, and G′ = 1.3(1). Thus, hydration of Fo 90 ringwoodite to ~1 wt% H 2 O reduced the bulk and shear moduli by about 6% and 14%, respectively. Considering temperature derivatives of the elastic moduli for anhydrous ringwoodite, dK S /dT = −0.021 GPa/K and dG/dT = −0.015 GPa/K (Sinogeikin et al. 2003; Mayama et al. 2005) , hydration of ringwoodite to 1 wt% H 2 O at room pressure has the same effect on the moduli as increasing the temperature by about 600 °C for K S and 1000 °C for G ). Equation of state parameters for ringwoodite are summarized in Table 4 and plotted in Figures 1 and 2 .
In addition to compression and sound velocity studies, the strength of hydrous ringwoodite has been measured by non-hydrostatic radial diffraction in a diamond anvil cell (Kavner 2003) . The differential stress in hydrous Fo 90 ringwoodite increases from 2.9 to 4.5 GPa in the pressure range of 6.7 to 13.2 GPa, indicating a signifi cant water weakening when compared with results from anhydrous ringwoodite, which supports 6-8 GPa over the same pressure range (Kavner and Duffy 2001) .
The volume thermal expansivity of pure-Mg hydrous ringwoodite was measured to its dehydration temperature of ~400 °C, resulting in α V = 27.3(9) × 10 −6 K −1 (Inoue et al. 2004 ), being slightly lower than α V for anhydrous ringwoodite with α V = 30.7(6) × 10 −6 K −1 measured to 700 °C in the same study (Inoue et al. 2004 ), but actually higher than the anhydrous value of α V = 24.7(5) × 10 −6 K −1 from the study of Suzuki et al. (1980) to 750 °C. Temperature derivatives of the elastic moduli for hydrous ringwoodite have not been measured.
DENSE HYDROUS MAGNESIUM SILICATES
The DHMS are discussed separately because though their stability at various mantle conditions is well known (e.g., Shieh et al. 2000a; Angel et al. 2001; Komabayashi et al. 2005) , their actual presence in the mantle is more speculative. However, if subduction of antigorite to 5 GPa occurs below ~550 °C, a dehydration reaction would transfer water to phase A, representing an important choke point for deep-water circulation in the mantle (Bose and Ganguly 1995) . Furthermore, if slab temperatures are below 1000 °C at 30 GPa, phase D has the potential to carry water into the upper part of the lower mantle (Komabayashi et al. 2005) . Thus, the importance of DHMS to Earth's potential deep-water cycle warrants consideration of their elastic properties.
Phase A
Phase A, Mg 7 Si 2 O 8 (OH) 6 , is very hydrous with 11.8 wt% H 2 O and is about 8% less dense than olivine (Table 5 ). Phase A is stable up to 15 GPa and 1000 °C, whereupon it breaks down to form phase B and brucite (Yamamoto and Akimoto 1977) . A single-crystal X-ray diffraction study of phase A shows a bulk modulus of 97.5(4) GPa with K′ = 5.97(14) (Crichton and Ross 2002) . A recent Brillouin study of an Fe-bearing phase A shows a slightly higher K S = 106(1) GPa, presumably due to the addition of iron, and shear modulus of 61(1) GPa (Sanchez-Valle et al. 2006) . A powder X-ray compression study of the same Fe-bearing phase A sample shows K T0 = 107(3) GPa with K′ = 5.7(3) (Holl et al. 2006 ).
Phase-B group minerals
Phase B, Mg 12 Si 4 O 19 (OH) 2 , and superhydrous phase B (sometimes written SHy-B), Mg 10 Si 3 O 14 (OH) 4 , are stoichiometrically hydrous, but have a nominally anhydrous end-member called anhydrous phase B (AHy-B). Phase B group minerals are part of the dense hydrous magnesium silicates (DHMS). Phase B is stable at transition zone pressures and temperatures, it contains 2.4 wt% H 2 O, and has about the same density as wadsleyite (Table 5) . SHy-B is also stable at TZ conditions, contains 5.8 wt% H 2 O, and is less dense, with about the same density as anhydrous olivine. The bulk modulus of anhydrous phase B is 151.5(9) GPa with K′ = 5.5(3) (Crichton et al. 1999 ) and the bulk modulus of phase B is 143(2) GPa, with K′ = 7.0(5) (Crichton and Ross 2000a) . Surprisingly, the bulk modulus of superhydrous phase B is slightly higher than phase B, with K T0 = 144.9(7) GPa and K′ = 5.1(2), despite having about twice as much water and a slightly lower density than phase B (Crichton and Ross 2000a) . Equation of state parameters for phase-B group minerals are summarized in Table 5 and plotted in Figure 1 .
Phase D
Phase D, MgSi 2 H 2 O 6 , also has about the same density as hydrous wadsleyite but has Si exclusively in 6-coordination with hydroxyl. Phase D is the only known mineral with VI Si-(OH) 6 groups other than thaumasite . The bulk modulus of phase D is highest of the DHMS, with K T0 = 166(3) GPa and K′ = 4.1(3) (Frost and Fei 1999) , determined by powder X-ray diffraction to 30 GPa. The single-crystal elastic constants of phase D have been determined by Brillouin Spectroscopy (Liu et al. 2004) , with calculated aggregate moduli of K S0 = 175(15) GPa and G 0 = 104(14) GPa, comparable with anhydrous wadsleyite. 
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Phase E
Phase E, Mg 2 SiH 4 O 6 has the lowest density of the DHMS and the most water, with 14-20 wt% H 2 O. The bulk modulus of pure-Mg phase E was measured by powder X-ray diffraction to 15 GPa with K T0 = 93(4) GPa and K′ = 5(1) (Shieh et al. 2000b) , and a single-crystal Xray compression study of an Fe-bearing phase E shows K T0 = 92.9(7) GPa with K′ = 7.3(2) (Crichton and Ross 2000b) . The elastic properties of these DHMS are summarized in Table 5 . DHMS equations of state have been reviewed by Crichton and Ross (2005) .
WATER-ELASTICITY SYSTEMATICS
The available bulk and shear moduli of hydrated NAM's, their anhydrous end-members, plus some relevant dense hydrous magnesium silicates (Tables 1 through 5 ) are plotted in Figures 1 and 2 . While references for OH-bearing NAM's and the DHMS are almost inclusive of the available studies to date, it was necessary to select only a few studies for the anhydrous end members (i.e., olivine, wadsleyite, ringwoodite), which have been studied extensively for many years. Several papers were chosen on the basis that they refl ect results from different methods (usually Brillouin spectroscopy, ultrasonic interferometry, or static compression), which generally show agreement between methods. Inspection of the data compiled Figures 1 and 2 reveals one obvious trend, which is that both K and G are measurably reduced upon hydration. It is also observed that the compositional derivative (∂M 0 /∂X H 2 O , where M 0 is the modulus and X H2O is the water content expressed as wt% H 2 O) tends to decrease in magnitude as the anhydrous end-member's M 0 value decreases. This observation is clarifi ed in Figure 3 where AHyK 0 and AHyG 0 are the bulk and shear moduli of the anhydrous end member, respectively. The correlation coeffi cients for these fi ts are 0.984 and 0.991, respectively. At the time of writing, the shear modulus of hydrous wadsleyite has not been measured. Taking AHyG 0 -wadsleyite to be ~110 GPa (Table 2) , Equation (4) gives ∂G 0 /∂X H 2 O = −4.5 GPa/wt%, as shown by the dashed line in Figure 3 . Thus, the predicted shear modulus of wadsleyite containing ~1 wt% of water is ~105 GPa, and for the hypothetical hydrous end member Mg 1.5 SiH 0.5 O 3 with 3.33 wt% of water, the predicted shear modulus is ~95 GPa. Two points of caution; while the dependence of ∂M 0 /∂X H 2 O on the anhydrous M 0 appears valid (Fig. 3) , it should be noted that it is an empirical relationship without any physical basis. In particular, while it appears reasonable for dense silicate phases, Equations (3) and (4) would predict that for anhydrous end-members with K less than 114 GPa and G less than 65 GPa, the addition of water increase the moduli. Secondly, the relationship implies that ∂M 0 /∂X H 2 O is linear, which, over the large water content range to ~12 wt% appears broadly true, but it is also possible that ∂M 0 /∂X H 2 O is non linear, especially for low-water contents very near the anhydrous end member. Based upon the available data for (Mg,Fe) 2 SiO 4 polymorphs with ~1 wt% of water, the relationships probably underestimate the effects of water. Therefore, the relationship may be limited in the scope of mineral phases and water contents to which it is applied.
CALCULATED HYDROUS VELOCITIES IN THE UPPER MANTLE AND TRANSITION ZONE
In order to illustrate the effect of ~1 wt% of water on seismic velocities in the upper mantle and transition zone with the limited availability of elasticity data, it is necessary to make some assumptions about the effects of water on the shear modulus of olivine and wadsleyite, and on the temperature derivatives of the moduli for all three hydrous phases. The main point is to graphically illustrate the effects of lowering K and G while increasing K′ and G′ on velocities. A model set of thermoelastic parameters for the (Mg,Fe) 2 SiO 4 polymorphs and their hydroxylated analogs is presented in Table 6 . Monomineralic velocities were calculated along an adiabat with foot temperature of 1673 K using fi nite strain theory (e.g., Davies and Dziewonski 1975; Duffy and Anderson 1989) .
For anhydrous phases, bulk moduli of 129, 172, and 188 GPa are used for olivine, wadsleyite and ringwoodite respectively (Duffy et al. 1995b; Li et al. 1996; Zha et al. 1997; Zha et al. 1998; Li et al. 1998; Li 2003; Sinogeikin et al. 2003; Liu et al. 2005) . For all three phases, K′ is assumed to be 4.3 since the measured variation of K′ between them is negligible within experimental uncertainty (Sinogeikin et al. 2003) . Shear moduli of 82, 106, and 120 GPa were taken for anhydrous olivine, wadsleyite, and ringwoodite (Duffy et al. 1995b; Li et al. 1998; Li 2003; Sinogeikin et al. 2003; Liu et al. 2005) , and a pressure derivative G′ = 1.4 was used for all three phases. For anhydrous olivine, dK S /dT of −0.016 GPa/K and dG/dT = −0.013 GPa/K were used . For anhydrous wadsleyite, dK S /dT = −0.019 GPa/K and dG/dT = −0.017 GPa/K were used (Meng et al. 1993; Jackson and Rigden 1996; Li et al. 1998; Katsura et al. 2001) . For ringwoodite, dK S /dT of −0.021 GPa/K and dG/dT = −0.015 GPa/K were used (Sinogeikin et al. 2003; Mayama et al. 2005) . A linear coeffi cient of volume thermal expansion of 27 × 10 −6 K −1 was assumed for all phases.
For hydrous olivine, hydrous wadsleyite, and hydrous ringwoodite, bulk moduli of 120, 155, and 177 GPa were used (Yusa and Inoue 1997; Holl et al. 2003; Jacobsen et al. 2004 ; Smyth et al. 2005) . Shear moduli are available only for hydrous ringwoodite, with G ~105 GPa (Inoue et al. 1998; Wang et al. 2003a; Jacobsen et al. 2004) . Compared with anhydrous ringwoodite, G is reduced by ~12%, so the shear modulus of hydrous ringwoodite and hydrous wadsleyite were shifted down from their anhydrous values by this amount, resulting in 72 GPa and 93 GPa for hydrous olivine and hydrous wadsleyite, respectively. Given the trends in Figure 3 , this assumption likely overestimates the effect of water on G for olivine and wadsleyite, but for the purpose of this illustration it can be considered a maximum affect. Pressure derivatives of all three hydrous polymorphs were assumed to be K′ = 5.3 and G′ = 1.8, and since there is no information on temperature derivatives of the moduli for hydrous NAMs, the anhydrous values were assumed.
Monomineralic compressional and shear-wave velocities for anhydrous and hydrous (Mg,Fe) 2 SiO 4 polymorphs from the data in Table 6 are plotted in Figures 4 and 5, along with several seismic velocity models; PEMC , PREM (Dziewonski and Anderson 1981) , and IASP91 (Kennett and Engdahl 1991) . In addition, velocities for (anhydrous) majorite garnet are plotted using ρ 0 = 3.53 kg/m 3 , K S0 = 165 GPa and G 0 = 88 GPa (Sinogeikin et al. 1997; Gwanmesia et al. 1998 ) with the same pressure derivatives as used for the other anhydrous phases (K′ = 4.3 and G′ = 1.4) and temperature derivatives for pyrope (Suzuki and Anderson 1983) .
The general effect of decreasing M and increasing M′ on velocities is illustrated in Figures 4 and 5 since temperature derivatives of the moduli have been assumed to be the same for the individual phases (Table 6 ). For P-waves, the elevated derivatives bring hydrous values up to anhydrous values, within uncertainty, below about 250 km depth for olivine, below about 350 km depth for wadsleyite, and below about 450 km depth for ringwoodite. Therefore, bulk P-wave velocities alone are not good indicators of local hydration in the mantle, and PREM is equally consistent with hydrous and anhydrous v P in the transition zone (Fig. 4) . A similar effect is observed for shear-wave velocities (Fig. 5) , however since water has a larger relative effect on G than K, hydrous values do not approach anhydrous values within respective stability fi elds, but remain 1-3% below anhydrous S-velocities. For S-waves, anhydrous olivine is most consistent with PREM, while hydrous olivine dv S /dP is more consistent with PEMC and IASP91 (Fig. 5) . In the transition zone, anhydrous wadsleyite and hydrous wadsleyite are equally consistent with the velocity models, although in the lower part of the transition zone hydrous ringwoodite, or an equal mixture of anhydrous ringwoodite and majorite are most consistent with the velocity models. Table 6 . Also shown are estimated S-velocities for anhydrous majorite (dash-dotted line). See text for details. Figure 5 . Monomineralic S-wave velocities for anhydrous (black lines) and hydrous (~1 wt% H 2 O, grey lines) phases calculated along a 1673 K (foot) adiabat using fi nite strain equations of state and model parameters presented in Table 6 . Also shown are estimated S-velocities for anhydrous majorite (dash-dotted line) See text for details.
CONCLUSIONS AND FUTURE RESEARCH OPPORTUNITIES
Hydroxylated NAMs are defect structures, and therefore exhibit modifi ed elastic properties compared with OH-free NAMs. At ambient conditions, 0.2 wt% H 2 O (2000 ppm water by weight) causes a measurable reduction of elastic moduli, on the order of ~2% for 0.2 wt% of H 2 O added (see Figs. 1-3) . Still, ambient shear moduli for OH-bearing olivine and wadsleyite are needed, as well as their pressure derivatives. Temperature derivates of the moduli, ideally at simultaneous high pressure, are needed for all three Mg 2 SiO 4 polymorphs and other NAMs such as pyroxenes. While this chapter has focused on equations of state and elastic wave velocities, refl ecting the availability of current experimental data, it is also expected that hydroxyl defects will also infl uence anelasticity (Dodd and Fraser 1965) and therefore seismic wave attenuation. Due to its importance in seismology and given the measurable affects of "water" on seismic velocities, and especially S-wave velocities, future studies in the direction of understanding the effects of water on seismic-wave attenuation are of high priority.
Identifying hydration, or lateral variation of hydration in the TZ, if present at all, would require several types of seismic data together with a comprehensive view of the regional mantle structure. Since water is expected to affect S-wave velocities more than P-wave velocities, the best possible seismic parameter to consider is the v P /v S ratio. Calculated velocities in Figures 4 and 5 indicate that lateral variations in water would manifest in the transition zone as reduced Swave velocities and elevated v P /v S ratios at the level of several percent. Temperature derivatives of the elastic moduli, for hydrated olivine, wadsleyite, and ringwoodite are needed to make an improved estimate of velocities in the upper mantle and transition zone. From seismology, high-resolution local velocity structure is needed in candidate locations, preferably away from subduction zones where thermal anomalies are likely minimal. In the same regions, detailed discontinuity structure (i.e., discontinuity depths, intervals, and total TZ thickness) will be required. Water alone is not the only possible cause of local S-wave anomalies; especially temperature variations, but also variation in the volume fraction of other mineralogical phases such as majorite may infl uence the local velocity structure in similar ways. Still, the available data indicate that hydration is likely to have a larger infl uence on S-wave velocities than temperature, at least within the possible variations of each within the TZ. The presence of a broad and elevated 410-km discontinuity, together with a depressed 660-km discontinuity and intervening low S-wave anomalies and high v P /v S ratios would be compatible with hydration considering the available information from mineral physics.
